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Abstract 
Interest in the application of engineering methods to problems in congenital heart disease has 
gained increased popularity over the past decade.  The use of computational simulation to 
examine common clinical problems including single ventricle physiology and the associated 
surgical approaches, the effects of pacemaker implantation on vascular occlusion, or 
delineation of the biomechanical effects of implanted medical devices is now routinely 
appearing in clinical journals within all pediatric cardiovascular subspecialties. In practice, 
such collaboration can only work if both communities understand each other’s methods and 
their limitations. This paper is intended to facilitate this communication by presenting in the 
context of congenital heart disease (CHD) the main steps involved in performing 
computational simulation - from the selection of an appropriate clinical question/problem to 
understanding the computational results, and all of the “black boxes” in between.  
 
We examine the current state of the art and areas in need of continued development.  For 
example, medical image-based model-building software has been developed based on 
numerous different methods. However, none of them can be used to construct a model with a 
simple “click of a button.” The creation of a faithful, representative anatomic model, 
especially in pediatric subjects, often requires skilled manual intervention. In addition, 
information from a second imaging modality is often required to facilitate this process. We 
describe the technical aspects of model building, provide a definition of some of the most 
commonly used terms and techniques (e.g. meshes, mesh convergence, Navier-Stokes 
equations, and boundary conditions), and the assumptions used in running the simulations. 
Particular attention is paid to the assignment of boundary conditions as this point is of critical 
importance in the current areas of research within the realm of congenital heart disease. 
Finally, examples are provided demonstrating how computer simulations can provide an 
opportunity to “acquire” data currently unobtainable by other modalities, with essentially no 
risk to patients.  
 
To illustrate these points, novel simulation examples of virtual Fontan conversion (from 
preoperative data to predicted postoperative state) and outcomes of different surgical designs 
are presented. The need for validation of the currently employed techniques and predicted 
results are required and the methods remain in their infancy. While the daily application of 
these technologies to patient specific clinical scenarios likely remains years away, the ever 
increasing interest in this area among both clinicians and engineers makes its eventual use far 
more likely than ever before and, some could argue, only a matter of [computing] time.  
 
 
Keywords: hemodynamics; computer modeling; boundary conditions; clinical data; 
congenital heart disease 
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Introduction 
Work in physiological fluid dynamics needs very close and intimate collaboration 
between specialists in physiological science and specialists in the dynamics of 
fluids. The necessary collaboration has to be preceded by a process of mutual 
education sufficiently prolonged to bring about on each side an adequate 
understanding of the other side’s language and modes of expression, as well as 
recognition of which are the main areas where the other discipline has developed 
a particularly extensive and intricate body of knowledge and skills which can be 
called upon when required. After this, real communication between the different 
specialisms becomes possible, and can lead to effective research progress.  
- Sir James Lighthill1  
 
Over the past two decades, a similar paradigm has emerged, with collaboration among 
clinicians (adult and pediatric cardiologists, radiologist, surgeons, etc.) and scientists 
(mathematicians, engineers, physicists, computer scientists, etc.) toward the use of simulation 
based techniques and technologies in medicine. One obvious example is the application of 
computational fluid dynamics and computational simulation to the total cavopulmonary 
connection (Fontan operation). What likely started as a challenging and interesting set of 
homework assignments for engineering students has evolved, and recently emerged as a 
growing field of active, provocative and field-advancing research investigation. In practice, 
such collaboration can only work if both communities understand each other’s methods and 
their limitations. This paper is thus intended to facilitate this communication, part of Sir 
Lighthill’s “mutual education,” by presenting, in the context of congenital heart disease 
(CHD), the main steps involved in defining an applicable clinical scenario/problem, building 
realistic computational models and understanding the virtues and pitfalls of such an approach. 
As final hemodynamic results are largely driven by the boundary conditions of the computer 
model (i.e. the parameters/restrictions put on the outlets of the specific model), special 
emphasis is put on how to incorporate patient-specific clinical data into the different types of 
boundary conditions most commonly used in simulation. The last section of the paper 
presents novel steps towards predictive modeling and surgical planning which this approach 
allows.  It is important to realize these general ideas are also quite relevant for the study of 
structural dynamics as in the context of medical device design or blood and vessel wall 
dynamic interaction. 
General process from clinical input to computer simulation results 
In this section, we present a summary of the main steps to go from selecting a clinical area of 
study to obtaining and interpreting the computer simulation results. 
1.1 Selection of a clinical case 
The first step in the application of simulation-based techniques should come from interactions 
between a clinician and an engineer. The most efficient scenario is when the clinician comes 
with a clinical question that can be answered by the current methods available to the scientist 
(e.g. “Can you explain/confirm the reason for the pressure gradient in this patient?”). By 
attending clinical rounds and observing diagnostic testing techniques, and treatment methods 
to gain familiarity with the clinical decision making process, the scientist may also come up 
with a hemodynamics hypothesis to be tested via simulations.  
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In all cases, the selection of an “interesting problem” can only come from the joined 
will of the clinician and the scientist to bring together their areas of expertise. Together they 
will formulate questions that must be “simple enough” to be answered by computer 
modeling. To define a clinically relevant question, and select the appropriate scientific 
methods to answer it, is often an iterative process. Such a process, when successful, leads to 
novel methods and information in both communities.  
Often, a hypothesis can first be tested with generic data whereby an idealized 
geometry is defined based on the clinician’s knowledge of a “typical” anatomy for the 
selected medical condition, and physiological conditions (the functional information) come 
from literature data or typical clinical values provided by the clinician (representative 
references in CHD include 2-4). Following this, hypotheses must be translated to the patient 
specific setting to evaluate robustness and clinical relevance5-9 (see section 4 for such 
examples). Ultimately, a multi-patient longitudinal study will confirm or deny the hypothesis, 
and lead to follow up studies10-13. This last step although crucial, necessitates sufficient 
access to the relevant clinical data.  
In this article, we focus on the patient-specific context, for which three-dimensional 
computer simulations are designed to answer the selected clinical question. Given the huge 
number of blood vessels in the cardiovascular system and the limited number of vessels that 
can be seen in conventional imaging data, a region of interest is defined for all problems. It 
typically includes a combination of the following (depending on the type of congenital heart 
disease): heart chambers, AV and/or semilunar valves, the great vessels, anastomoses (e.g. as 
seen in coarctation repairs), grafts (e.g. Fontan or modified Blalock-Taussig shunts), stents or 
other medical devices.   
 
1.2 From imaging data to geometric files readable by a numerical solver 
The most common structural imaging modalities clinically used in congenital heart 
disease are echocardiography, catheterization based angiography, magnetic resonance 
angiography (MRA), and computerized tomography (CT). To reconstruct accurate three-
dimensional models that represent the anatomy of the patient, MRA and CT are usually the 
preferred imaging modalities, since the other two modalities do not provide the same level of 
three-dimensional information. 
 Three types of reconstruction exist. The first one is based on a two dimensional segmentation14-16. The 
segmentation14-16. The main steps, as shown in  
 
Figure 1 are: 1) creation of vessel paths (which yields a stick-figure like structure of the 
patient anatomy), 2) segmentation of vessel lumens in the different MRA slices (a 2-
dimensional representation of the vessel at a particular “slice” in the data), 3) creation of a 3-
dimensional representation of each blood vessel wall by lofting these contours, and 4) 
assembly of these vessels into a three-dimensional surface model (the “geometrical model”). 
These different steps can be done with variants depending on the software, with more or less 
automation as dictated by the resolution of the data (e.g. 17).  
A less time consuming and more informative alternative is direct, three-dimensional 
segmentation18, 19, as is used in commercial and open source software packages such as 
Mimics and ITK Snap.  These methods use intensity thresholding where the imaging area to 
be used in the model is automatically detected based on a defined voxel intensity or intensity 
gradient. This method is less robust for noisy data, especially for the younger/smaller 
pediatric subjects where the clinical MRA resolution may not be as high (for example, 
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patients status post Norwood or Glenn operations where the primary vessels of interest are 
the pulmonary arteries which are not easily distinguishable from their venous partners).  
A third method is based on predefined shapes (tubes, junctions, etc.) that are scaled, 
transformed and assembled to match the anatomy of a specific patient20-22. However, this is 
not very common in congenital heart disease, because of the anatomic variability and 
resolution issues. If possible, the vessel (or device) wall thickness is extracted with similar 
methods. This method is primarily applied in structural studies, as opposed to hemodynamic 
studies, for which incorporating this information plays a less important role. 
 
Take home points: Commercial as well as in-house model-building software has been 
developed based on numerous different methods. However, none of them can be used to 
construct a model with a simple “click of a button.”  The creation of a faithful, representative 
anatomic model, especially in pediatric subjects, often requires skilled manual intervention. 
In addition, information from a second imaging modality may facilitate this process (e.g. 
MRA based models are often “validated” by closely examining cine angiogram data to insure 
all appropriate vessel branches or structural details have been included, Figure 2).  
 
1.3 “Running simulations”: from preprocessing to understandable results 
Once the anatomy has been translated into a three-dimensional geometrical model, it is 
discretized (broken down) into a number of blocks (elements or volumes) connected by 
points (nodes) that define a so-called “mesh” (see Figure 3) which allows for the application 
of mathematical methods to each element rather than to the model as a whole. The number of 
blocks or nodes depends on the level of refinement appropriate for the study. If the number of 
nodes is too small, the results will be significantly affected and likely inaccurate. If “too 
many” nodes are included, then high computational cost may make the problem unsolvable, 
depending on the available computational resources. High computational cost problems 
usually necessitate supercomputer-based parallel processing to obtain solutions in a 
reasonable amount of time for clinical applicability. Mesh convergence is a technique which 
balances simulation accuracy and computing resources (think Goldilocks and the three bears 
– not too big, not too small… just right).  The literature will often include a statement such 
as, “the mesh was refined until “mesh convergence” was achieved” (for references on mesh 
generation methods for blood flow simulations, see the recent review from Taylor and 
Steinman15).  
 To study blood flow using computational methods, we use the Navier-Stokes 
equations to represent the three-dimensional motion of blood in a continuous domain (Ω ) 
over a period of time (time zero to T ). Considering blood as a Newtonian fluid, we formulate 
the balance of mass and momentum as follows: 
Given ( ) 3: 0f ,TΩ× →ℜ? , find ( )v x,t? ?  and ( )p x,t?  x∀ ∈Ω? , ( )0t ,T∀ ∈  such that: 
 
0
( )ρ ρ μ
∇ ⋅ =
∂ + ∇ = −∇ + Δ +∂
?
? ?? ? ?
v
v v v p v f
t
 (1) 
The primary variables are the blood velocity ( , , )x y zv v v v=?  and the pressure p that vary in 
space , ,x y z  and time t. The blood density, ρ, and the dynamic blood viscosity, μ, are 
assumed constant in space and time, and rarely measured in an individual patient. Commonly 
used values are 1.06 g/cm3 and 0.04 Poise, respectively. Note that taking into account non-
Newtonian effects is possible, provided that the above equations are changed appropriately. 
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The external force f
?
 is usually zero, but it can be included if gravity or magnetic effects are 
taken into account.  
Significant advances have recently been made recently in the area of fluid-structure 
interaction (FSI), methods which allow the determination of the amount of vessel wall 
deformation as blood passes through it or as a result of the effects of muscle and soft tissue 
surrounding them. Prior to the development of these methods, all simulations used rigid wall 
assumptions, i.e. vessels were modeled as if they were stiff and did not deform with changes 
in pressure. FSI simulations require coupled fluid-solid equations to be solved.  Recent work 
has demonstrated FSI methods for the Fontan surgery, ventricular mechanics, cerebral 
aneurysms, and other applications23-35. FSI can ideally provide a more accurate and 
physiologic description of the hemodynamics as well as vessel wall stresses and strains. 
However, this comes at the cost of requiring more customized numerical methods, higher 
computational cost, and determination of vessel wall properties, which are often unknown, 
especially on a patient-specific basis.  Whether or not wall motion is included, the equations 
can only be solved if appropriate initial and boundary conditions are given.  
Assuming these conditions are specified, the Navier Stokes equations are discretized (i.e. 
broken down into “digestible” pieces) in space and time with a chosen numerical method (the 
most common families are based on “finite elements” and “finite volumes”), which each have 
advantages and disadvantages and have been an important subject of research in the last fifty 
years. These discretized equations are then solved on a computer at each entity of the mesh.  
The physical time scale of flow phenomema studied in a typical simulation is on the 
order of seconds (ranging from a couple of seconds to study cardiac pulsatile effects to 
dozens of seconds to study respiratory effects). This time scale should be distinguished from 
the “wall clock” time it takes to run the simulation on a computer, which depends on the 
numerical method, the desired accuracy and the available computational resources. For 
example, to run a typical patient-specific Navier-Stokes simulation with a one-million-
element mesh for three cardiac cycles (which is often the minimum necessary to wash out 
initial transient effects), takes roughly one day on a sixty-processor machine using the latest 
in parallel processing technology. 
Iterative procedures may be required before converging on a final simulation result.   For 
example, mesh adaptation can be performed by iterating between mesh generation and 
equation solving to achieve mesh convergence of the results and better refinement of smaller 
vessels or regions of complex flow (Figure 3)36.  Iterative procedures may also be necessary 
to tune the simulation results to match available clinical data37, as discussed in the next 
section. 
After satisfactory flow and pressure solutions are obtained, they are “post-processed” 
and visualized at selected locations. Often, other quantities of interest are computed from the 
basic flow fields, including blood flow repartition to the different branches, pressure gradient 
across a stenosis, energy losses in the model, wall shear stress, and pressure wave 
propagation. More sophisticated methods are being developed to better understand flow 
structures38, 39 or how long particles (e.g. platelets) stay in a recirculation zone, which could 
explain thrombus formation. Discussions between the clinician and the scientist are then key 
to choose such quantities and to interpret the results. 
 
Take home points: Geometric models are broken down into meshes, which allow for the 
application of mathematical methods to each element rather than to the model as a whole. 
Mesh convergence (remember Goldilocks) enables one to obtain an accurate solution with a 
mesh that is sufficiently dense and not overly demanding of computing resources. The 
Navier-Stokes equations are used to represent the three-dimensional motion of blood, and 
new methods allow for the modeling of the interaction between blood and the surrounding 
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vessel (fluid-structure interaction, FSI) which, while computationally more demanding, are 
often considerably more physiologically relevant. In addition to flow and pressure results, 
CFD results often include analysis of flow distribution, shear stress analysis, and system 
efficiency determinants.  
Boundary conditions: a sensitive link to clinical data 
The previous section presented the general framework to build a geometric model and 
allow for mathematical methods to be used in the simulation. We now pay special attention to 
the boundary conditions, the input parameters, since they form the link between clinical data 
and simulated hemodynamics, and play a major role in determining the simulation results. 
1.4 What is a boundary condition and where should it be placed? 
From a mathematical point of view, the equations presented above necessitate that some information is provided 
some information is provided at the boundaries of the domain/model (pressure, velocity, etc.). This constitutes 
This constitutes the formal definition of a boundary condition. From a practical standpoint, it is impossible to 
is impossible to include all the vessels in the cardiovascular system in a three-dimensional hemodynamics 
hemodynamics simulation.  First, there is a limit in resolution (vessels below a certain size are not well 
are not well characterized from image data), and second, it is simply not computationally feasible (for hardware, 
feasible (for hardware, software, and time reasons). The 3D geometrical model is thus restricted to a domain of 
restricted to a domain of interest, as shown in the Glenn example of  
 
Figure 1. The question of where to cut this domain is not trivial: the further the 
boundary is from the area of interest, the less influence this artificial boundary will have on 
the local results, but the larger the computational domain will be. In general engineering 
terms, there is a trade-off between accuracy and cost. 
 
1.5 Why are proper boundary conditions needed? 
Contrary to other fluid mechanics applications, boundary conditions in blood flow 
simulations drive a large part of the dynamics inside the system under study. We illustrate 
this point with an example of flow and pressure simulated in a Fontan (TCPC) model in the 
simplest setting (resting steady conditions). Velocity vectors describing blood flow speed and 
direction are prescribed at the inlets (the superior vena cava, SVC, and inferior vena cava, 
IVC), whereas at the outlets, two different types of boundary conditions are prescribed. The 
first one is zero pressure (corresponding to an open vessel) and the second one is the simplest 
relationship between pressure and flow (their ratio), namely a resistance boundary condition, 
in this case proportional to the area of each vessel.  
Despite the fact that this is a resting, steady regime, the resulting flow distribution 
between the left and the right lungs varies significantly with the type of boundary condition, 
as shown in Figure 4. Patient-specific blood flow distribution cannot be taken into account 
when imposing the same pressure at all the outlets. Furthermore, this has a direct impact on 
the velocity field (see Figure 5), and thus on the wall shear stress, as well as on the level of 
pressure in the system (which is particularly important for fluid-solid interaction applications) 
and the energy losses. This example illustrated the impact of outlet boundary conditions, but 
several studies have also demonstrated that taking into account the (cardiac40 or respiratory41) 
pulsatility of the inflow as opposed to prescribing a steady value also significantly affects the 
results. A more detailed discussion on the impact of boundary condition types on the results, 
including pressure wave propagation in pulsatile settings can be found in works of Vignon-
Clementel et al and Ballosino et al.42-44  
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1.6 How to incorporate clinical data in boundary conditions?  
Patient-specific blood flow imaging (phase-contrast magnetic resonance imaging - 
PC-MRI, ultrasound, etc.) and catheterization based pressure acquisition technologies have 
increased in sophistication over the past two decades. These advances have triggered the 
development of new boundary conditions and enabled the incorporation of more patient-
specific clinical data in computer simulations. Several examples are presented below, specific 
to the context of congenital heart disease and single ventricle patients, but the reader should 
keep in mind that similar methods are employed for other congenital and acquired disease 
simulations. 
1.6.1 Inlet boundary conditions 
Hemodynamic conditions are typically simulated in multi-branched geometries, 
where blood enters through one vessel (the aorta for coarctations, the SVC for Glenn patients, 
the main pulmonary artery for Tetralogy of Fallot, etc) and more rarely two vessels (such as 
the SVC and the IVC in Fontan repairs). Blood flow at these locations is generally 
measurable with PC-MRI or ultrasound. The velocity field directly measured by PC-MRI 
under physiological conditions, such as rest and exercise (see e.g. 45, 46), usually cannot be 
directly applied as a boundary condition. This is due to spatial resolution issues exacerbated 
in pediatric subjects. The PC-MRI velocities are thus integrated to obtain the flow rate as a 
function of time, which is then mapped to a chosen velocity profile (flat, parabolic or 
corresponding to Womersley theory depending on the vessel). 
If the MRI acquisition is real-time, the effect of respiration can be included if 
necessary, provided the acquisition is long enough to accurately capture this information. 
However clinical acquisitions are often cardiac-gated and the resulting signal does not 
contain the respiratory variation. To include the main effect of respiration, which is 
particularly important in the IVC of Fontan subjects (see Figure 6, as well as 47), a respiratory 
component is added to the cardiac flow rate5. This component can be computed based on the 
patient respiratory rate, if recorded during the acquisition. This is particularly easy to obtain 
for the younger subjects under artificial ventilator.  
To include the normal or pathophysiological aperiodicity of the flow rate, information 
from cardiac-gated MRI and routinely acquired ultrasound (sonogram such as in Figure 6) 
can be combined to take advantage of both modalities (see for example the Glenn case in 8). 
Note that time-varying pressure signals are usually available from catheterization, but 
they are not prescribed as inlet boundary conditions as the amount of blood flowing in the 
computer model is very sensitive to pressure gradients between inlet(s) and outlets. These are 
not currently acquired with enough precision to serve this purpose. 
 
1.6.2 Outlet boundary conditions 
While it is typically possible to obtain time-varying inflow rates from direct clinical 
measurements, it is often much harder to obtain flow rate information at the outlets of a 
multi-branched model. Resolution issues increase in these smaller vessels, especially in 
pediatric subjects, and additional scans to acquire multiple outlet flows require unrealistically 
long scan times. Furthermore, as these different time-varying signals are not acquired 
simultaneously, their synchronization is not obvious. While one may be tempted to use a 
mean constant pressure value as an outflow boundary condition, this has been shown to lead 
to significantly altered flow and pressure distributions8, 44.  
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Given the above issues, boundary conditions that prescribe a relationship between 
pressure and flow are the preferred method to represent the response of vascular beds 
downstream of each outlet. These boundary conditions include resistance, impedance, 
Windkessel (RCR) and other lumped parameter models. This type of boundary condition 
allows for the prediction of hemodynamic changes in physiological conditions (such as 
respiration or exercise) or in surgical design, that may alter pressure or flow as measured 
during the clinical exam. A more involved discussion on the influence of boundary condition 
types on the simulated hemodynamics can be found in Vignon-Clementel et al. 200644.  
The degree of patient-specificity in boundary conditions largely depends on the 
available clinical data. In congenital heart disease, PC-MRI and catheterization are routinely 
performed clinically, but the standard of care varies among centers.  For example, prior to 
Fontan repair, a typical MRI study would involve acquiring the SVC flow but not necessarily 
the right and left pulmonary flows.  In a simulation study, this information is crucial for 
determining downstream pulmonary flow and resistances. As seen in section 3.2, a lack of 
patient specific information about pulmonary flow split and the application of generic 
pressure boundary conditions significantly alters the hemodynamics for the entire system 
(including energy losses). Studies have also shown that the pulmonary flow distribution 
varies greatly from patient to patient.  For example in a simulation study of 6 Fontan patients, 
it varied from 54 to 70% (% of flow to the right lung)10. In these cases, there is a clear 
demonstration that boundary conditions must be carefully tuned to match clinical data to 
obtain reliable simulation results.  
Catheterization data is an important component of boundary condition tuning, and can 
provide valuable additional information beyond the PC-MRI data. While many centers do not 
routinely perform pre-Fontan catheterization studies, this information should be included 
when available. For example, the overall left and right pulmonary resistances should be 
computed to match patient-specific flow split but should also be coherent with the mean 
pressures measured in the main vessels.  If the catheterization report indicates 10 mmHg in 
the SVC and in both PAs, then a “coherent” boundary condition should lead to a pressure 
drop of less than 1mmHg between these different vessels. If discrepancies exist, then 
additional tuning may be required to reconcile differences in the data and clinical 
measurements, and this should take into account the relative confidence in different clinical 
measurements.   
When detailed information about smaller branch vessels is not available, then 
approximations must be made to choose appropriate conditions for each. For example, 
relative resistances of the smaller branch vessels can be made proportional to their respective 
outlet areas5, 6, 8, 10. Approximations may also be made using Murray’s law (which relates the 
radii of child branches to the radii of the parent branch) or morphometry data, when 
available.  
While resistance boundary conditions are straightforward and easier to implement, 
more accurate physiologic behavior can be obtained using more sophisticated boundary 
conditions including impedance and circuit analog models. Impedance and Windkessel 
“RCR” models can require additional knowledge of the pressure pulse of the patient.12  They 
may incorporate morphometry data, as done in recent studies in which Windkessel models 
were tuned to find the best match to the impedance of a morphometric tree6, 8, 10, 48. Automatic 
iterative adaptation of the boundary conditions49 and their sensitivity to patient-specific 
pressure and flow data are the subject of ongoing research. 
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1.6.3 Coupling of the model with the entire circulation 
To predict the global adaptation of the circulatory system (heart rate changes, etc.) to 
modifications in the cardiovascular geometry (e.g. the removal of a coarctation or an increase 
in shunt size), a simplified model of the heart can be coupled to the inflow vessel in the three-
dimensional domain (e.g the aorta). The advantage is that these reduced models (zero 
dimensional electrical analog where for example valves are represented by diodes) are easily 
adaptable to specific congenital heart disease topologies (including unusual shunts, etc.)2, 50, 
51. Similarly, to take into account with more precision the response of the downstream 
vascular trees, extensive simplified “zero dimensional” models have been developed and 
coupled to the three-dimensional model51, 52. When this coupling is done at all the inlets and 
outlets, the three-dimensional model is thus linked to a simplified model of the entire 
circulation, which permits to study their interaction2, 52-55. In some cases however, it is rather 
the three-dimensional model that is used (e.g. stenosis or pressure losses) to compute a few 
input parameters of the zero-dimensional model (e.g. resistances)56-58. However the inverse 
problem of going from patient specific data to the specification of their many parameters is a 
current challenge. 
 
1.6.4 Numerical challenges 
Patient-specific hemodynamics simulations have called for a special attention to 
boundary conditions, and during their development numerical challenges have arisen.  In this 
subsection, we discuss some of the main numerical issues and solutions encountered in 
patient-specific hemodynamics simulations (not restricted to CHD). 
 Resistance, Windkessel or more extensive reduced models are all zero-dimensional 
models, in that they do not contain spatial variables.  This is in contrast to three-dimensional 
models where the time-varying values of pressure and flow are obtained at all locations in 
space, thus providing information on local hemodynamics. The “coupled multidomain 
method” provides a theoretical derivation of the coupling of different models43, 44. Other 
means of coupling 0D and 3D models have been devised, and the dimensional mismatch of 
such coupling, which leads to an ill-posed problem, has been investigated 29, 30, 59-62. For 
example, when pressure information is sent from the 3D to the 0D model, pressure 3Dp
averaged over the coupling boundary section is sent as an input to the 0D model. In turn, 
solving the equations of the 0D model will provide a flow rate 0DQ , which must be applied at 
the 3D boundary.  This transfer of information requires information in the 3D model, such as 
the velocity profile, which is not provided by the 0D model.  There are several ways to 
numerically solve these different equations.  It can be done all at once using a “monolithic” 
approach or by an iterative procedure. Variants on these methods, along with their advantages 
and disadvantages, have been the subject of intense research in the last decade in the applied 
mathematics & computational mechanics communities.    
More recently, with increasing mesh resolution, more extensive computing power and 
increasingly physiological simulations, (including respiratory effects, exercise, etc.), complex 
flow structures are better captured in simulations. Complex flow has also been observed in-
vivo and in-vitro63-65. The flip side is that they have created new numerical challenges. 
Complex flow tends to produce numerical instabilities and divergence of solutions, rarely 
mentioned in publications, and which exact causes and remedies are subject to current 
research. Several solutions have been proposed so far. These include modeling enough 
branches such that flow is laminar and sufficiently unidirectional at boundaries66, 
constraining the velocity profile at the coupling interfaces67, addition of stabilization terms 
for areas of reversed flow68.  Congenital heart disease tends to present complex anatomies 
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that generate intricate flow fields, such as stenoses (e.g. coarctation, pulmonary stenosis), 
shunts (e.g. Norwood repair), artificial junctions (e.g. Glenn & Fontan repairs), etc. Thus, 
tackling these numerical challenges is particularly relevant for a better understanding and 
treatment of these diseases.  
 
Take home points: Hemodynamics in the region of interest cannot be simulated in isolation 
from the rest of the cardiovascular system. The choice of boundary conditions must be 
carefully considered for each problem, and relevant clinical and physical information must be 
included at each inflow and outflow boundary.  
Steps towards predictive modeling 
Three-dimensional simulations can provide information which are difficult or 
impossible to obtain in the clinic, such as an entire velocity or pressure field, wall shear 
stress, energy losses, etc. Such information usually describes the current, resting state of the 
patient.  An even more powerful use of computer simulations is to predict hemodynamic 
conditions in altered physiologic or surgical states. This capability necessitates careful 
modeling of this state change. The next subsections provide a few illustrative examples of the 
use of simulations for predictive modeling using patient specific data. 
1.6.5 Validation of the results with clinical data 
A crucial aspect of computer simulations is their validation. Verification of a 
simulation ensures that the equations are solved correctly. This is a natural part of the 
development of computational tools. By contrast, validation ensures that the numerical results 
are “faithful” to reality. The results come from a model, which by nature, is based on 
simplifying hypotheses. This model must represent physical reality with enough precision so 
that the answer to desired clinical question is robust and meaningful.  Existing tools for 
validation include comparison of the results to in-vitro data63, 64, 69-71 using PIV and dye 
visualization with stand-alone models or mock-circuits, to in-vivo measurements in animals48 
or in humans65. In the latter, for example, velocity results can be compared to MRI data at a 
slice that was not used to create the numerical results72. 
Predicted pressures can be compared with catheterization data (when not used to set 
up the model)52. Figure 7 shows another example, in which the pressure waveform computed 
in the SVC of a Glenn patient was qualitatively compared to the one measured in the cath-
lab8. Cine angiography movies can provide qualitative validation of the velocity dynamics 
even if quantitative data is not available.  
 Validation of all these methods (CFD, in-vitro and in-vivo measurement methods) is 
much needed73 and is thus an important current research front15, which requires scientists and 
clinicians to define the desired accuracy of the model and to identify the data necessary for 
validation. While this may require the acquisition of extra-data, this additional “cost” is 
critical if we are to rely on simulation based results in the future.  The cost-benefit analysis of 
validation studies, which may require additional risk to a few patients for the benefit of many, 
is an important ethical topic worthy of discussion.  In the context of predictive simulations, 
validation on a subset of cases is important and may call for novel clinical protocols, such as 
the acquisition of pressure measurements under exercise condition in Fontan patients, or post-
operative MRI acquisition and lung perfusion studies.  
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1.6.6 An example of virtual Fontan conversion: from preoperative data to predicted 
postoperative state 
In this example, clinical data was acquired from PC-MRI, catheterization and cine angiography, prior to Fontan 
angiography, prior to Fontan repair of a 3 year old male Glenn patient. The pre-operative data served as inputs 
served as inputs for a three-dimensional simulation, with geometry and boundary conditions constructed as 
constructed as explained in the above sections. For the geometry, the 2D-based segmentation was used as 
was used as described in  
 
Figure 1. At the inlet, aperiodic flow was prescribed based on MRI and ultrasound 
data, whereas at the outlet, RCR boundary conditions were designed - see 8 for more details. 
A virtual surgery was then performed: the Glenn geometry was modified to include the IVC 
anastomosis with an extracardiac graft, the size of which was taken from the Fontan surgical 
report.  The Fontan simulation was then performed in attempt to predict the post-operative 
hemodynamics.  Identical boundary conditions were utilized in both the Glenn and Fontan 
states, with the addition of the new IVC inlet for which velocities were constructed using the 
pre-operative MRI flow data. Figure 8 shows the two geometries, as well as the resulting 
transpulmonary pressure gradients. Simulated transpulmonary pressure gradient for the 
preoperative state matches well with the value reported in the preoperative report. This is to 
be expected, since its boundary conditions were constructed to match the clinical data. By 
contrast, the simulated postoperative value is a predicted postoperative value, and it also 
matches very well the operative report value. The transpulmonary gradient almost doubled 
between preoperatively and postoperatively, which is consistent with the flow change.  
The prediction is based on a model of the virtual surgery that only required a simple 
geometrical change, with the assumption that the pre-operative boundary conditions did not 
change postoperatively. Such a successful prediction needs to be validated in multiple cases 
to assess its robustness, since this simple virtual surgery model seems unlikely to hold in 
general. However, this result provides a promising example of the power of simulations to aid 
in surgical planning and outcome predictions.  
1.6.7 Predicting the outcome of different surgical designs 
Once a simulation model has been established that reliably represents the current 
state, modification of the state can be explored using virtual surgery. This example 
investigates the evaluation of competing designs for the Fontan surgery using virtual surgery 
tools. A novel Y-graft design has recently been proposed to replace tube-shaped grafts in the 
extra-cardiac Fontan procedure.4, 6  Starting from a patient-specific model of the Glenn 
surgery, competing designs for the Y-graft, offset, and traditional t-junction were constructed.  
Simulations were run at rest and exercise to compare performance in multiple categories. 
Figure 9 shows the different models that were tested in simulation, together with performance 
results for hepatic flow distribution and power loss. Three Y-graft designs were tested, with 
input from surgical colleagues. Results demonstrate that the Y-graft is a promising surgical 
method, but that not all Y-graft designs have adequate performance. These results underscore 
the need for patient-specific surgical planning that move away from current “one-size-fits-
all” treatment paradigms.  
To underscore the importance of boundary conditions in simulation predictions, Figure 
10 compares the predicted hepatic flow distribution and power loss for two different surgical 
designs using steady flow vs. pulsatile flow at the two inflow faces. While it is not surprising 
that power loss is higher for unsteady flow cases5 results also show differences in hepatic 
flow that are as high as 30%. These results show that care must be taken to properly define 
both inflow and outflow boundary conditions, and that simulation results should not be taken 
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at “face value” without questioning the validity and uncertainty of boundary condition 
parameters.  
 
Take home points: Computer simulations provide the opportunity to “acquire” data 
currently unobtainable by other modalities with essentially no risk to patients.  Validation of 
current techniques and results is required and still in its infancy. The promise of providing 
patient-specific simulations of planned interventions and incorporate these results into 
clinical decision making is exciting but remains years off. 
Conclusions 
Progress in computational methods, the application of these methods to problems in 
congenital heart disease, validation of simulation results and predictive modeling will only be 
made through strong interactions and cooperation between engineers and clinicians.  First, 
engineers should incorporate the clinicians’ expertise on data and their interpretation 
(resolution, uncertainties, etc). They can then design boundary conditions that lead to more 
robust conclusions. As discussed in this article, boundary conditions constitute a crucial 
aspect of performing clinically relevant computer simulations. They also lead to modeling, 
numerical, and validation challenges, for which specific methods are being developed, 
addressing the issues of parameter estimation, coupling with the rest of the circulation and 
complex flow handling. This allows the field to move towards predictive simulations with 
clinical value. In addition, engineers can then understand the surgical constraints to design 
meaningful virtual surgical geometries. Eventually, this feeds back to the clinics by providing 
innovative tools or new ways of thinking for congenital heart disease diagnosis and treatment 
planning. 
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Figure 5: Velocity magnitude in the case of (left) zero pressure and (right) resistance outlet boundary conditions. 
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Figure 6: Doppler ultrasound demonstrating the time variability (including asynchronous cardiac and respiration 
effects) in the inferior vena cava of a Fontan patient shortly after repair. 
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Figure 7: One example of simulation validation: comparison of simulated (top) and catheterization measured 
(bottom) pressures in the SVC of a Glenn patient. Reproduced from Vignon-Clementel et al.8, with permission.  
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